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τ LFV: Introduction

τ lepton flavour and baryon number violation at LHCb

Ü Lepton flavour violating (LFV)
decay τ− → µ−µ+µ− forbidden
in SM

Ü Suppressed in SM + neutrino
oscillations to B ∼ 10−54

Ü Enhanced by new physics
→ can be as large as 10−8

Ü Current experimental upper limit
of 2.1 × 10−8 from Belle

τ− µ−

H0, A0
µ+

µ−

Ü Search for baryon number
violation (BNV) processes so far
unsuccessful

Ü τ− → pµ+µ− and τ− → pµ−µ−
are both ∆(B − L) � 0 as
required in the SM and most of
its extensions

Ü Limits on τ → Λh and B→ Λl
in the range 10−7 – 10−8 from
BaBar and Belle

Ü τ− → µ−µ+µ− and τ → pµµ
analyses follow a similar strategy
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http://www.sciencedirect.com/science/article/pii/S0370269310003576
http://arxiv.org/abs/1101.3830
http://arxiv.org/abs/1207.1158


τ LFV: Event selection and normalisation

τ → µµµ and τ → pµµ: Analysis strategy

Ü Inclusive τ cross-section is
(80.0 ± 9.4)µb at

√
s � 8 TeV in

LHCb acceptance
Ü 2.5 × 1011 τ leptons produced

during LHC Run 1
Ü τ mainly from Ds → τντ decays

(∼ 80%)
Ü Relative normalisation to Ds → φ(µµ)π
Ü Loose cut-based selection followed by 3D classification:

1) Decay topology and kinematics
2) Particle identification (replaced by PID cuts for τ → pµµ)
3) Invariant mass

Ü Classifiers trained on simulated signal and calibrated on control
channels

Ü Limit from CLs method (J. Phys. G: Nucl. Part. Phys. 28 (2002) 2693)
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http://iopscience.iop.org/0954-3899/28/10/313/


τ LFV: Event selection and normalisation

Ds → φ(µµ)π decays in data

Ü Branching fraction of normalisation channel, B(Ds → φ(µµ)π), from:

B(Ds → φ(KK )π)
B(φ → KK ) B(φ → µµ) � (1.32 ± 0.10) × 10−5

Ü NDs→φπ from a double
gaussian fit to data with
an exponential
background component

Ü Fit separately for
data taking period and
τ → µµµ / τ → pµµ
selections ]2c) [MeV/− π)− µ+ µ (φ(m
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2 fb−1, τ → µµµ selection
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http://link.springer.com/article/10.1007%2FJHEP02%282015%29121


τ LFV: Event selection and normalisation

Signal and background discrimination -M3body

Ü Two multivariate classifiers,M3body andMPID (τ → µµµ only)

Ü M3body includes: vertex and
track fit quality, vertex
displacement, vertex pointing,
vertex isolation and τ pT

Ü Blended BDT classifier
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Ü Trained on signal and
background MC

Ü Response calibrated on
D−s → φπ− data to account for
data-MC differences
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http://link.springer.com/article/10.1007%2FJHEP02%282015%29121


τ LFV: Event selection and normalisation

Signal and background discrimination -MPID

Ü MPID includes: information
from RICH, ECAL, HCAL and
muon chambers

Ü Neural network probability

 responsePIDM
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Ü Trained on signal and
background MC

Ü Calibrated on J/ψ → µµ data
Ü For τ → pµµ apply hard PID

cuts, optimised on signal MC and
data sidebands
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http://link.springer.com/article/10.1007%2FJHEP02%282015%29121


τ LFV: Event selection and normalisation

Normalisation factor

B(τ → Xµµ) �
B(Ds → φ(µµ)π) × f τDs

B(Ds → τντ) ×
εDs→φπ

ετ→Xµµ
×

Nτ→Xµµ

NDs→φπ

Ü f τDs
is the fraction of τ from Ds (80%), from LHCb cross-section

measurements and LEP/B-factory branching fractions
Ü B(Ds → τντ) from arXiv:hep-ex/1201.2401
Ü ε are the efficiencies to select signal and normalisation events,

calculated using MC
Ü Systematics cancel in ratio of efficiencies
Ü B(Ds → φ(µµ)π) and NDs → φπ described earlier
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http://arxiv.org/abs/1201.2401


τ LFV: Backgrounds

Backgrounds

Ü Backgrounds at LHCb from decays of heavy mesons with either:
Ü Three real final state muons (τ → µµµ only)

Ü For τ → µµµ most
significant peaking
background from
Ds → η(µµγ)µνµ

Ü 90% removed by a cut on
mµ+µ− > 450 MeV/c2
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Ds → η(µµγ)µνµ MC
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http://link.springer.com/article/10.1007%2FJHEP02%282015%29121


τ LFV: Backgrounds

Backgrounds

Ü Backgrounds at LHCb from decays of heavy mesons with either:
Ü Three real final state muons (τ → µµµ only)
Ü One or two real muons and one or two mis-identified particles

Ü Large mis-ID contribution
from D+

→ K−π+π+

decays in lowestMPID bins
→ Removed by excluding
the lowestMPID bins

Ü No peaking backgrounds
expected for τ → pµµ

]2c) [MeV/− π− π+ K(m
1840 1860 1880 1900

)2 c
C

an
di

da
te

s 
/ (

1.
5 

M
eV

/

0
20
40
60
80

100
120
140
160
180
200
220
240

LHCb

JHEP 02 (2015) 121

2 fb−1, D+
→ K−π+π+ hypothesis
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http://link.springer.com/article/10.1007%2FJHEP02%282015%29121


τ LFV: Backgrounds

Background fits
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Ü Background estimate in signal
region from data sidebands

Ü Most signal-like bin in 2 fb−1 for
τ− → µ−µ+µ− (left), and 2 most
signal-like bins merged in 1 fb−1
for τ− → pµ+µ− (bottom left)
and τ− → pµ−µ− (bottom right)

]2c) [MeV/−µ−µp(m
1700 1800 1900

)2 c
C

an
di

da
te

s 
/ (

10
 M

eV
/

0

2

4

6

8

10

LHCbM3body ∈ [0.40, 1.0]

PLB 724 (2013) 36

Jon Harrison (Manchester) τ physics @ LHCb CHARM 2015, 20.05.15 10 / 15

http://link.springer.com/article/10.1007%2FJHEP02%282015%29121
http://arxiv.org/abs/1304.4518
http://arxiv.org/abs/1304.4518


τ LFV: Results

τ LFV and BNV results

±1σ
±2σ

±1σ
±2σ

±1σ
±2σ

JHEP 02 (2015) 121 PLB 724 (2013) 36 PLB 724 (2013) 36

Ü First τ LFV results at a hadron collider
Ü First ever constraints on τ− → pµ+µ− and τ− → pµ−µ−

Ü τ− → µ−µ+µ− results recently updated to use full Run I data sample

Channel Expected (90% CL) Observed (90% CL)

τ− → µ−µ+µ− 5.0 × 10−8 4.6 × 10−8
τ− → pµ+µ− 4.6 × 10−7 3.3 × 10−7
τ− → pµ−µ− 5.4 × 10−7 4.4 × 10−7
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http://link.springer.com/article/10.1007%2FJHEP02%282015%29121
http://arxiv.org/abs/1304.4518
http://arxiv.org/abs/1304.4518


τ LFV: Results

Combination of τ LFV results

Ü LHCb and B-factory results on τ LFV combined by HFAG using CLs
method
→ Combined limit on τ− → µ−µ+µ− of 1.2 × 10−8
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http://www.slac.stanford.edu/xorg/hfag/tau/summer-2014/


Z → ττ

Inclusive Z → ττ cross-section at 7 TeV

Ü Measurements of the Z boson production cross-section are important
tests of the SM

Ü LHCb can extend general purpose detector (GPD) results into the
forward region

Ü Split analysis into 5 channels
depending on final state:
1) τµτµ
2) τµτe
3) τeτµ
4) τµτh
5) τeτh

Ü Dominant Z → µµ and QCD
backgrounds are estimated
from data
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Figure 1. Invariant mass distributions for the (a) ⌧µ⌧µ, (b) ⌧µ⌧e, (c) ⌧e⌧µ, (d) ⌧µ⌧h, and (e) ⌧e⌧h
candidates with the excluded mass range indicated for ⌧µ⌧µ. The Z ! ⌧⌧ simulation (solid red)

is normalised to the number of signal events. The QCD (horizontal green), electroweak (vertical

blue), and Z (solid cyan) backgrounds are estimated from data. The tt̄ (vertical orange) and WW

(horizontal magenta) backgrounds are estimated from simulation and generally not visible.
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τµτµ channel
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http://link.springer.com/article/10.1007%2FJHEP01%282013%29111


Z → ττ

Z → ττ results

Ü Individual channel measurements are combined with the BLUE
method (Nucl. Instrum. Meth. A 270 (1988) 110) to give:

σpp→Z→ττ � 71.4 ± 3.5stat ± 2.8syst ± 2.5lumi pb
where 2.0 ≤ ητ ≤ 4.5 and pτT > 20GeV/c and 60 < Mττ < 120GeV/c2

Ü Ratio of cross-sections, σpp→Z→ττ
σpp→Z→µµ

� 0.93 ± 0.09
→ Consistent with lepton universality (also for Z → ee)
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Figure 2. Measured cross-sections for the Z decaying to the final states ⌧µ⌧µ, ⌧µ⌧e, ⌧e⌧µ, ⌧µ⌧h,

and ⌧e⌧h (open points) compared with theory (yellow band) and the combined Z ! ⌧⌧ and

LHCb Z ! µµ measurements (closed points) where pT and ⌘ are the transverse momentum and

pseudorapidity of the leptons, and M is the di-lepton invariant mass. The inner error bars represent

statistical uncertainty while the outer error bars represent combined statistical, systematic, and

luminosity uncertainties. The central theory value is given by the light yellow line while the

associated uncertainty by the orange band.

The ratio of the combined cross-section to the LHCb Z ! µµ cross-section measure-

ment [5] is found to be
�pp!Z!⌧⌧

�pp!Z!µµ
= 0.93 ± 0.09

where the uncertainty is the combined statistical, systematic, and luminosity uncertainties

from both measured cross-sections, which are assumed to be uncorrelated.

7 Conclusions

Measurements of inclusive Z ! ⌧⌧ production in pp collisions at
p

s = 7 TeV in final states

containing two muons, a muon and an electron, a muon and a hadron, and an electron and

a hadron have been performed using a dataset corresponding to an integrated luminosity

of 1028 ± 36 pb�1. The cross-sections for the individual states have been measured in the

forward region of 2.0  ⌘⌧  4.5 with p⌧T > 20 GeV/c and 60 < M⌧⌧ < 120 GeV/c2,

– 12 –
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SM predictions from DYNNLO (PRL 98 (2007) 22) with MSTW08 NNL0
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http://www.sciencedirect.com/science/article/pii/0168900288900186
http://link.springer.com/article/10.1007%2FJHEP01%282013%29111
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.222002


Summary

Summary

Ü First τ LFV results at a hadron collider with τ− → µ−µ+µ−,
τ− → pµ+µ− and τ− → pµ−µ−

Ü LHCb is closing in on the world’s best single-experiment limit for
τ− → µ−µ+µ− and contributing to the world average

Ü First ever constraints on τ− → pµ+µ− and τ− → pµ−µ−

Ü Measurement of Z boson production in the forward region using τ
decays complements results from GPDs

Ü Studies underway on B→ D∗τντ, B(s) → ττ, B→ K ∗τµ and more

LHCb is making significant contributions to τ physics
→ more to come as we approach the start of Run 2
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Backup

Backup
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Backup

The LHCb trigger: 2010 + 2011

Ü The trigger reduces the event
rate via:
1) L0: Hardware selection using

calo clusters and muon
system hits

2) HLT1: Loose software
selection using VELO and
tracking station tracks

3) HLT2: Full software
reconstruction creates
composite particles
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Backup

The LHCb trigger: 2012

Ü Introduction of partial deferred triggering in
2012

Ü 20% of events passing L0 saved to disk and
processed inter-fill

Ü Effective 20% increase in CPU power
Ü Used to reduce track pT thresholds

from 500 to 300 MeV
→ significant trigger efficiency
improvements for decays
with low pT tracks

Ü Further improvements for Run II
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